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Introduction
Studies aimed at characterizing the biochemical structure, pharmacological properties, and anatomic localization of neurotransmitter receptors in mammalian central nervous system (CNS) have thus far relied mainly on the use of radioactive ligands or antibodies raised against purified receptor proteins or their cloned sequences (1-4). There have also been a few attempts at using ligands tagged with fluorescent markers. For example, fluorescent derivatives of aand P-adrenergic agonists have been proposed for in vivo labeling of their respective receptors in rat brain (5-7). The fluorescencetagged benzodiazepines R07-1986 and R015-1788 have been applied to the pharmacological characterization of GABA-A receptor a). Conventional epifluorescence and confocal miaoscopic analysis of specific fluo-NT binding to sections of the rat midbrain revealed a topographic distribution of the bound fluorescent ligand similar to that previously observed with autoradiography using [ U51]-NT. However, fluo-NT provided markedly higher cell resolution and enabled, in particular, the detection of hitherto unnoted intracytoplasmic receptor dusters. Binding of fluo-NT to live SN17 hybrid ells indicated that the fluorescent ligand had retained its ability to internalize in vivo and confiimed that this internalization process was both time-and temperature-dependent. In sum, the present study demonstrates that fluo-NT is applicable to both the pharmacological study of NT binding sites using flow cytometry and to the regional and ellular localization of these sites by conventional epifluorescence and confocal microscopy. (1 Ilistochem Cgtochem KEY WORDS: Neurotensin; Receptors; Fluorescent ligands; Fluorescein; Confocal microscopy. 427S5-763, 1994) complexes in nerve cell membrane preparations (8.9). Fluorescent enkephalin and naltrindole derivatives have been used to visualize &opioid receptors in neuroblastoma cells (10) (11) (12) . Fluorescent a-bungarotoxin and anthroylcholine bromide have been resorted to for the characterization of peripheral nicotinic and central muscarinic receptors, respectively (13.14). Finally, a variety of fluorescent D 1 and D 2 receptor ligands have been developed for biochemical detection and anatomic visualization of dopamine receptors in sections of rat neostriatum (15, 16) .
The use of fluorescent receptor probes has nevertheless remained somewhat limited, in part because of the notorious difficulty of tagging receptor ligands with fluorophores without affecting their biological properties (17) but also, and mainly, because of the lack of sensitivity of available fluorescence detection methods for measuring relatively small numbers of cell surface molecules. This latter limitation has of late largely been overcome through the development of highly sensitive detection and visualization techniques such as flow cytofluometry and confocal laser scanning microscopy, which offer the required degree of sensitivity for pharmacological characterization of receptors and their localization at the cellular level, respectively (18) . With these techniques in mind we have developed an ETC-labeled neurotensin (NT) derivative (fluo-NT) for the selective tagging of high-affinity NT receptors in mammalian brain.
Neurotensin is a tridecapeptide originally isolated from bovine hypothalamus (19) and subsequently identified throughout the C N S of a variety of species, where it plays a neuromodulatory role (for reviews see 20, 21) . This role is exerted through NT's interaction with high-affinity G-protein-coupled receptors, known to be widely but selectively distributed throughout the brain (22) (23) (24) (25) . A second low-affinity NT-binding component has also been reported in murine brain, but the functional significance of this so-called "acceptor" site remains to be established (26). Recently, k a k a et al. (27) have cloned from rat brain a cDNA sequence coding for a high-affinity NT receptor. Whether this sequence codes for all high-affiiity NT receptors or only for one subtype of a larger receptor family remains to be determined.
In the present study, we have characterized the binding properties of fluo-NT in mouse brain membrane preparations as well as on septal neuron-neuroblastoma hybrid cells previously shown to express high-affiity NT-binding sites (28) using conventional binding techniques and flow cytometry, respectively. The applicability of the ligand for cellular visualization of high-affinity NT binding sites was also investigated, both in frozen sections from the rat midbrain, a region previously documented to contain among the highest concentrations of NT binding sites in mammalian brain (22) (23) (24) (25) and in the same line of hybrid cells as used for flow cytometric studies.
Materials and Methods
Synthesis, Purification, and Characterization of Fluo-NT. Nu-FTC-[Glu'INT was synthesized by solid-phase methodology (29) using a scheme based on tert-butyloxycarbonyl (t-Boc) chemistrylacid labile amino acid protection as previously described for other peptides (30, 31) . After completion of the synthesis and selective deprotection of the Nu-amino group, acylation of this amine function was performed with a six-fold excess of fluorescein isothiocyanate isomer I (FITC) (Sigma; St Louis, MO). The reaction was performed at room temperature (RT) in anhydrous N,Ndimethylformamide (DMF) containing 5% N,N-diisopropylethylamine, with gentle agitation. It proceeded to completion within 2 hr, as evaluated by a ninhydrin colorimetric test (32) that allows detection of free amino groups.
The Nu-fluoresceinyl thiocarbamyl (FTC)-peptide-resin intermediate was then extensively washed with DMF, dried in vacuo, and submitted to hydrogen fluoride cleavage (30.31) to deprotect amino acid side chains and to cleave the Nu-ETC-peptide from the resin. The FX-labeled peptide was then solubilized in trifluoriacetic acid (TFA), subjected to rotary evaporation in vacuo, and dried further on a freeze dryer. It was purified by preparative high-pressure liquid chromatography (HPIC) on a Partisid ODs-3 Whatman column (10-pm particle size, 50 cm x 2.2 cm ID), using appropriate gradients of a binary solvent system consisting of 0.01% aqueous TFA, pH 2.9, and acetonitrile (CH3CN)-0.01% TFA. Elution of the peptide was monitored at 214 nm. Collected fractions were readily screened by analytical HPLC using both w (214 nm) and fluorometric detection (excitation 338 nm; emission 425 nm), pooled accordingly, evaporated in vacuo to remove CH,CN, and lyophilized twice. The homogeneity of Nu-ETC-[Glu'INT was evaluated by analytical HPLC on a Bondapak C18 column (10-pm particle size, 150 mm x 3.9 mm ID) using two solvent systems (0.01% aqueous TFA, pH 2.9, and CH3CN-O.O1% TFA; 0.01 M ammonium acetate, pH 6.6, and CH3CN). [Glu'INTwas synthesized according to the same methods as Na-mC-[Glu']NT and its HPLC profde compared to that ofthe fluoresceinylated peptide. The amino acid composition and peptide content of both synthetic compounds were assessed by quantitative amino acid analysis after acidic hydrolysis in vacuo (6 N HCI, 1OO"C, 18 hr) or carboxypeptidase Y digestion (6 Ul0.3 pmol peptide, 37'C, 48 hr) and phenylisothiocyanate (PITC) derivatization (33). Finally, the molecular mass of Na-ETC-[Glu']NT was determined by fast atom bombardment-mass spectroscopy (FARMS) on a Kratos MS-50 TATC instrument.
Plow Cytometric Analysis of Fluo-NT Binding to SN17 Hybrid Cells. SN17 hybridoma cells, produced by fusion of mouse embryonic septal cells with murine neuroblastoma, were generously provided by D.N. Hammond (34) . The cells were grown on 100-mm tissue culture plates in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (Gibco BRL, Burlington, Ontario, Canada) in a humidified atmosphere of 90% air. 5% CO2 at 37'C. For saturation experiments the cells (1 x lo6 cellslml) were washed in PBS and centrifuged at 500 rpm for 5 min at 4 T and re-suspended to a final concentration of 4 x lo6 cellslml. Twenty-five-pl aliquots of this washed preparation were then incubated with graded concentrations of fluo-NT (0. 16-16 nM) in Hepes-Trs buffer, pH 7.4, for 60 min at 4°C. Additional samples were incubated in the presence of a hundredfold excess of unlabeled NT for determination of nonspecific binding. At the end of the incubation, all cells were washed twice in cold buffer and centrifuged at SO0 rpm for 5 min at 4%. They were then resuspended in 0.2 ml cold PBS and analyzed with a Beckton-Dickinson Facscan flow cytometer (Mountain View, CA) under 0.2 W laser excitation. In most cases, 5OOO eventslsample were collected in list mode fashion, stored, and analyzed by a consort 30 program. Debris and dead cells were excluded from the analysis by the conventional scatter-gating method. Mean fluorescence intensity (MFI) was calculated using integrated signals (i.e., the integral of fluorescence intensity over time taken for each cell to pass through the laser beam) using a minimum of 2500 cells. This technique allowed relative fluorescence intensities to be monitored continuously against time to ensure that equilibrium between bound and free fluorescent ligand was reached under each condition.
Competitive ['251]-NT-binding Assay. Neurotensin was iodinated by the lactoperoxidase method and monoiodo-[ '2sI-Tyr3]-NT([ 12'I]-NT) was separated on a Sephadex affiity column as previously described (35). Membranes were prepared from mouse brain homogenates (21) and protein concentrations determined by the method of Lowry et al. (36) , using bovine serum albumin as a standard. For competition binding experiments, homogenates (0.2 mg proteinlml) were incubated for 30 min at 22'C with 0.2 nM [ 12'I]-NT in the presence of a range of concentrations of unlabeled NT or fluo-NT. The reaction was stopped by the addition of 2 ml ice-cold buffer. The reactive mixture was then immediately filtered over Gelman filters (Millipore; Missisauga, Ontario, Canada) under vacuum using a millipore filtration apparatus. After two additional washes, the radioactivity was measured in a Picker gamma counter. The data were expressed for each concentration of cold competitor as a percentage of maximal specific binding. IC50 and KI values were obtained using EBDAlLIGAND programs (37).
Binding of Fluo-NT to Rat Midbrain Sections. Adult male
Sprague-Dawley rats were sacrificed by decapitation and the brains were rapidly removed, blocked in the coronal plane, and frozen at -4O'C. Sections (20 pm) were cut through the midbrain on a cryostat, mounted on gelatin-coated slides, and incubated with 20 nM fluo-NT at 4'C in the dark for 60 min in 50 nM %is-HC1 buffer, pH 7.4, containing 0.1% bovine serum albumin and 1 of the peptidase inhibitor 1, lO-phenanthroline (38) . Additional sections were incubated in the presence of a hundredfold excess of unlabeled ligand for determination of nonspecific binding. At the end of the incubation, sections were rapidly washed in cold PBS (four --
4-
times for 60 sec), rinsed in distilled H20, and air-dried in the dark under a cool stream of air.
Sections were initially examined on a Lcica epifluorescence photomicroscope operating with a high-pressure 100 W mercury lamp and the appropriate dichroic filter combination for excitation/emission of fluorescein (4851520 nm). Selected fields were further scanned using a Leica confocal laser scanning microscope (CLSM) composed of a Leica Diaplan inverted microscope equipped with an argon ion laser (488 nm) with an output power of 2-50 mW and a VME bus MC 68020/68881 computer system coupled to an optical disc for image storage (Lcica; St. Laurent, Quebec, Canada). All image generating and processing operations were carried out using the Leica CLSM software package. The images were photographed from the monitor using a Focus system. Confocal Microscopic Analysis of Cholinergic Hybrid Cells. SN17 hybrid cells were grown to 50% confluence on 18-mm2 polylysine-coated (100 mglml) glass coverslips in 35-mm tissue culture dishes. The cultured coverslips were then incubated with lod M fluo-NT in the dark for 45 min at 4"C, in the presence or absence of a hundredfold excess of unlabeled NT for determination of nonspecific binding. After incubation, cells were either washed twice with cold PBS or warmed at 37'C for a further 45 min. Both sets of cells were then air-dried in the dark and placed on a glass slide containing a drop of immersion oil. Confocal laser analysis affluo-NT labeling was then performed as dexribed above.
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Results
Characterization of Nu -FX-[Glu']NT
Solid-phase synthesis of Na-FTC-[Glu'INT (fluo-NT) and [Glu'INT yielded compounds that could be purified to 99% homogeneity using preparative HPLC. The overall yield of the synthesis/purification procedure was 11% for fluo-NT and 14% for [Glu']NT.. In both cases, approximately 52% of the amount of crude peptides loaded onto the column was recovered after purification. Characterization of the synthetic peptides by analytical HPLC yielded two distinct chromatographic profiles (Figure 1 ). The retention time of fluo-NT was almost twice that of [GIu'INT (28.2 vs 15.3 min) and its w absorbance, especially at 280 nm, was four to five times greater, suggesting that a hydrophobic and aromatic moiety such as FIX was coupled to [GlulINT (Figure 1) . Amino acid analysis after acidic hydrolysis indicated that the amino acid composition of synthetic [ Glul]NT and Na-FTC-[Glu'INT conformed to expected theoretical values ('Igble 1). CPY digestion of Na-FIC-[Glul]NT did not proceed to completion under the present experimental conditions. However, amino acid analysis of the hydrolysate enabled us to demonstrate the presence of a lysyl residue (theoretical value, 1 residue; experimental value, 0.88 residue), confirming that the lysine in position 8 had not been modified and was not bearing an FTC moiety. Finally, FARMS analysis of Na-FTC-[Glu']NT yielded a theoretical molecular mass of 2081, indicating that a sole FTC moiety was bound to [Glu'INT. The lyophilized Na-FTC-[Glu']NT has proven stable for more than 1
year when kept at 4°C and protected from light and moisture.
Binding of Fluo-NT to SN17 Hybrid Cell. and Mouse Brain Homogenate.
Flow cytometric analysis of fluo-NT binding to whole SN17 hybrid cells yielded a single fluorescence peak (unimodal distribution) un- der both total and nonspecific binding conditions, indicating that virtually all of the clonal cells had bound the fluorescent molecule to a similar extent (Figure 2) . However, the mean intensity of bound fluorescence was markedly lower in cells incubated with an excess of non-fluorescent NT (nonspecific binding; Figure 2a ) than in cells incubated with fluo-NT alone (total binding; Figure 2b ). Under both conditions, the peak was confined to a relatively narrow range, indicating that cells were labeled fairly homogeneously.
As can be seen in Figure 3 , specific NT-FTC binding was saturable and reached a plateau at ligand concentrations of 11-16 nM. By contrast, binding in the presence of an excess of non-fluorescent NT increased linearly with the concentration of fluorescent ligand, to reach 20% of total at concentrations of 16 nM. Fluo-NT totally inhibited specific binding of [ 12'I]-NT to mouse brain membrane preparations in a concentration-dependent manner (Figure 4) . A coefficient of inhibition (KI) of 0.67 nM and a pseudo-Hill coefficient close to unity were derived from the competition curve. These values were virtually identical to those obtained using native NT as a competitive drug (KI = 0.55 nM; Figure 4) . 
Binding of Fho-NT to Rat Brain Sections
Sections of rat midbrain incubated with 10 nM fluo-NT exhibited discrete apple-green fluorescent labeling throughout the substantia nigra, ventral tegmental area, and interfascicular nucleus ( Figures  5 b-5e ). This distribution pattern conformed to that previously described for specific [12sI]-NT binding in the rat midbrain tegmentum using light microscopic autoradiography (Figure 5a ) (22) (23) (24) (25) . Fluo-NT labeling was no longer apparent in sections incubated with an excess of unlabeled NT. No autofluorescence was observed except for a fav orange spots characteristic of lipofuchsin deposits. At high magnification of either conventional epifhorescence or confocal microscopes, the label was seen to be concentrated over both neuronal perikarya and dendritic processes (Figures 5c-5e ). Within nerve cell bodies, the labeling characteristically took the form of granular hot spots, 0.5-2 wm in diameter, distributed throughout the cross-sectional profile (Figure se) . By contrast, dendrite labeling appeared much more diffuse and floccular ( Figure  5c ). Serial optical sectioning of the labeled sections in the confocal microscope revealed that the label was not confined to the cell surface but was present throughout the cytoplasm of both perikarya and dendrites. Serial sectioning also indicated that the nucleus was virtually devoid of labeling.
In the substantia nigra, pars compacta, and lateralis, labeling was mainly apparent over nerve cell bodies (Figure 5b) . Labeled neurons were ovoid or fusiform, with their long axes oriented parallel to the dorsal surface of the underlying pars reticulata. In the pars reticulata, label was evident over both scattered nerve cell bodies and large dendrite processes radiating from the pars compacta (Figure 5c ). In the ventral tegmental area, fluo-NT-labeled nerve cell bodies were prominent among cross-sectioned labeled processes (Figure 5d ). Finally, in the interfascicular nucleus, labeling was dense throughout and was mainly concentrated over nerve cell bodies. 
I '
Binding and Internalization of Fluo-NT in SNl7 Hybrid Cells
The distribution of fluo-NT binding to SN17 hybrid cells varied according to both the temperature of labeling and the CLSM optical plane of section. In cells incubated at 4°C. fluorescent labeling was mostly confined to cross-sectional planes acquired at the surface of the cell (Figure 6a ). By contrast, in optical sections taken halfway between the slide and the cell surface, only a few "hot spots" 1-2 pm in diameter were visible along the border of the cell (Figure 6b) .
When fluo-NT-labeled cells were warmed for 45 min at 37°C. only weak, diffuse fluorescence was visible in sections grazing the cell surface (Figure 6c ). By contrast, intense fluorescent labeling pervaded the cytoplasm in optical sections passing through the center of the cell (Figure 6d ). This intracellular labeling took the form of small, intensely fluorescent particles, again between 1 and 2 pm in diameter. These particles were often concentrated in the immediate surroundings of the nucleus but were virtually never apparent within the nucleus itself.
Discussion
The present report describes the synthesis of a biologically active fluorescent derivative of the tridecapeptide neurotensin (fluo-NT). and demonstrates the applicability of this compound to the biochemical, pharmacological, and anatomic characterization of highaffinity NT receptors in mammalian brain.
Although other examples of conjugation of fluorescent markers to bioactive peptides have been previously reported (10.11.13, 39-43) , the present work provides the first description of a direct acylation of the semiprotected peptide ([ Glu']NT)-resin by FIX, to generate a fluoresceinylated derivative. This approach yielded site-specific labeling of the Nu-amino function of [GIu'INT, the protection of the NE-amino function in position 8 allowing easier purification of the labeled compound as well as preservation of the affinity of the ligand for its receptor (44). In our conditions of cleavage and purification, the FTC moiety was stable. The moderate yields of the synthesislpurification procedure on both Nu-FTC- [Glu'INT and [Glu' INT were mainly due to our high standard of purity (99%) and to the lower recoveries generally obtained with reverse-phase media when small amounts of peptides (= 30 mglrun) are purified on preparative size columns.
Flow cytometric analysis of fluo-NT binding to SN17 hybrid cells yielded a single narrow peak, indicating that virtually all of the clonal cells had bound the fluorescent compound in a relatively homogeneous fashion. Mean fluorescence intensity measurements in the presence and absence of non-fluorescent NT indicated that in the range of concentrations of fluo-NT used, up to 85 % of the total binding was specific, a proportion similar to that obtained when competing on the same cells for the binding of [ '251]-NT (28) . Specific fluo-NT binding was saturable and reached a plateau at ligand concentrations comparable to those required for saturation of [ '2SI]-NT binding sites (28). suggesting that fluorescent and monoiodinated forms of the ligand bind to high-affinity NT receptors with comparable affinities. That this is indeed the case was further supported here by the results of competition experiments on mouse brain homogenates, which showed fluo-NT to com-Pete for [1251]-NT binding with the same affinity as previously demonstrated for non-radieve monoiodo-NT (35). Furthermore, the KI with which fluo-NT was found to compete for [ lZ5I]-NTbinding sites was the same as that of the native peptide, indicating that the addition of an F I X molecule on the N-terminus had not decreased the affinity of the peptide for its receptor. This finding is consistent with the result of previous conjugation experiments which have shown that increasing the steric hindrance in position 6, but not in position 1, decreased the affinity of NT for its specific binding sites (45, 46) .
In frozen sections from the rat midbrain tegmentum incubated with 10 nM fluo-NT, both conventional epifluorescence and confocal microscopy revealed selective binding of the fluorescent compound throughout the substantia nigra, ventral tegmental area, and interfascicular nucleus. This binding was almost entirely specific, as demonstrated by the fact that sections incubated in the presence of an excess of unlabeled ligand showed only weak background fluorescence. At the regional level, the distributional pattem of fluo-NT labeling was comparable to that previously observed by autoradiography in the same region using either tritiated (22) (23) (24) or iodinated NT (25, 47) (Figure 5) . However, images obtained in the fluorescence microscope afforded a substantially higher degree of resolution than did autoradiographs. This was particularly true of the images obtained in the confocal microscope, in which the out-of-focus contribution was reduced through the use of a point illuminationlpoint detection technique and the acquisition of thin optical sections (steps of focus increments of 0.2 pm) (18, 48) .
The perikarial labeling detected here in neurons from the substantia nigra, ventral tegmental area, and interfascicular nucleus was reminiscent of that previously observed in high-resolution autoradiographs of the same region using 1-5-pm-thick Eponembedded (49) or frozen (47) sections. Furthermore, optical sectioning showed the ligand to be distributed in the form of small intracytoplasmic clusters which had previously escaped autoradiographic detection. The nature of these clusters is still unclear, although some of them may conceivably correspond to Golgi vesicles or to lysosomes, as both of these structures have been found to specifically bind [ lZ5I]-NT by electron microscopic autoradiography (49, 50) . It is interesting in this context that particles of comparable size were detected in SN17 cells incubated at 37°C in vivo, suggesting that some of these particles may correspond to preformed endocytic vesicles.
The distribution of bound fluo-NT was markedly different inside and/or on the surface of dendrites, as attested to by the much more diffuse and floccular aspect of the fluorescent labeling in dendrites than in perrkarya. These observations are consistent with those of our earlier electron microscopic study, which have shown NT binding sites to be more or less uniformly distributed Over the surface of midbrain tegmental dendrites (49) and, in the case of internal sites, to display no preferential association with any given intracytoplasmic organelle (49) .
Labeling of SN17 cells with fluo-NT at 4°C yielded a fairly heterogeneous labeling pattern characterized by the presence of "hot spots" reminiscent of opioid receptor clusters labeled on neuroblastoma cells with fluoresceinylated Met-enkephalin (lo$?) or of glycine receptor "microdomains" labeled by immunohistochemistry and visualized in the confocal microscope on the surface of the goldfish Mauthner cell (51) . Whether these hot spots reflect a con-stitutive heterogeneity in the distribution of NT receptors on the membrane of SNi7 cells or are the consequence of ligand-induced receptor aggregation and sequestration (10, 52) remains to be determined. Warming of fluo-NT-labeled SN17 cells to 37'C both decreased cell surface reactivity and induced internal labeling, suggesting that the tracer had been internalized into the cells. w e r iments carried out with [ 1251]-NT on both SN17 (28) and primary neurons in culture (53) have previously demonstrated the occurrence of receptor-mediated endocytosis of NT in neuronal cells.
In fact, biochemical studies have indicated that this internalization process was likely to subserve receptor down-regulation (54) or even transmembrane signaling ( 5 5). The particulate appearance of internalized fluorescent molecules observed in the present study strongly suggests that the internalization process is carried out through an endosomal compartment, as previously demonstrated in neurons for other non-transmitter molecules (56).
In conclusion, the present results demonstrate that NT[1-13] may be fluoresceinylated by substituting Glu for pGlu in position 1. The resulting compound was shown to bind with high affinity to central NT receptors and to be applicable to the cellular localization of high-affinity NT-binding sites both in live cells and in tissue sections. Fluo-NT was also found to be actively internalized in live neural cells, suggesting that it is biologically active. This interpretation is in keeping with the recent demonstration that application of fluo-NT on basal forebrain cholinergic cells in slices elicits the same type of persistent slow bursting pattem as native NT (57) and implies that our fluorescent conjugate can be used for functional studies of NT receptors in vivo.
